Abstract
Terms of Use
This article was downloaded from Harvard University's DASH repository, and is made available under the terms and conditions applicable to Open Access Policy Articles, as set forth at http:// nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-ofuse#OAP
Introduction

30
Bacterial flagellar motors in E. coli switch between clockwise (CW) and counterclockwise (CCW) 31 rotation [1] [2] [3] . The probability of CW rotation (the CW bias) is controlled by the level of the 32 phosphorylated chemotaxis response regulator, . The switch complex in the motor is a 33 protein ring composed of subunits of FliG, FliM and FliN 5 . FliG interfaces with the motor's torque-34 generating units at the periphery of the complex 6 . Binding of CheY-P to FliM 7 and FliN 8 promotes 35 conformational changes in FliG that result in CW rotation 9 . 36
Recent studies have identified the ability of the motor to adapt to the steady-state concentration of 37
CheY-P, set by the chemotaxis network 10 . FliM subunits continuously exchange between the motor 38 and the cytoplasm 11 . The details of exchange differ between the rotational states of the motor, such 39 that CCW motors are able to host more subunits than CW motors 12 . When steady-state [CheY-P] is 40 low, the motor spends more time in the CCW state and remodels by adding FliM subunits 10 . With 41 more ligand binding sites present, the motor is able to sense lower levels of CheY-P and bias is 42 partially restored. 43 We would like to understand how the architecture of the switch complex changes during motor 44 adaptation. Studies have revealed mismatches in the exchange kinetics of FliG, FliM and FliN, raising 45 questions about how remodelling proceeds. FliG appears to be anchored to the motor: fluorescence 46 studies have not observed any exchange of the protein between motor and cytoplasm 13, 14 . In 47 fluorescent studies of FliN, ~10% of the protein exchanges in ~1 hr 
Results
53
FliN fluorescent fusions 54
We investigated the functionality of various FliN fluorescent fusions. The fluorescent protein 55 eYFP A206K (eYFP with alanine at residue 206 substituted for lysine, to prevent aggregation, referred to 56 hereafter as YFP) was fused with a [Gly Gly Gly] linker to the N-terminus or C-terminus of FliN. Three 57 internal fusions also were constructed. Locations were chosen by considering the known interactions 58 between FliN, FliM and FliG, and by inspection of the primary, secondary and tertiary structure of 59 . We chose to proceed in our investigation using FliN-YFP INT . 74
Kinetic Model 75
The model developed here for the interpretation of our results in later sections is based on previous 76 work 10, 12 . The model describes the subunit kinetics of steady-state and adapting motors, accounting 77 for exchanging and non-exchanging fractions, and including the effects of bleaching of subunits in 78 both the motor and cytoplasm. 79
The total number of subunits in the motor is ( ) ( ) ( ), where ( ) is the number of 80 tightly bound (non-exchanging) subunits, ( ) is the number of weakly bound (exchanging) 81 subunits, and is time. Rates of change are: 82
where B is the total number of weak binding sites, is the number of subunits in the cytoplasm, 85 is the subunit on-rate, and is the subunit off-rate. We define the pseudo on-rate . For 86 motors at steady-state, eq1 gives: 87 [11] [12] [13] . The motor at the centre of rotation of a tethered 105 cell can be bleached with a high-intensity pulse 11 or a TIRF field -intensity is constant below 2 µM CheY-P and above 4 µM CheY-P -suggesting that CheY-P is not 144 involved in the remodelling process 11 . 145
In addition to previous observations 12 , we note that the brightest motors are found in the range 0 < 146 CW bias < 1, i.e., for motors that switch. One possibility is that the act of switching is important for 147 recruiting a full complement of subunits. motor also has a total of ~55 binding sites. The model is visualized in Fig. 2B . 162
FliN-YFP INT adaptation kinetics 163
Yuan et al. 10 observed the real-time increase in FliM-YFP motor intensity associated with the change 164 in stoichiometry when motors switch from CW to CCW rotation. We performed the same 165 experiment using FliN-YFP INT . A cheR cheB deletion strain was used, where motor adaptation can be 166 observed in the absence of receptor adaptation. The cheR cheB strain yields motors with a wide 167 range of biases. We selected CW motors and monitored motor intensity with TIRF (Fig. 3A ). An 168 expression for the decay is obtained by solving eqs 5,6 and 7 for initial conditions ( ) , 169
The data are fitted with eq9. Parameters are described in the figure caption. The difference between 172 the FliM-YFP and FliN-YFP INT decay curves is partly due to a difference in the YFP bleaching rates 173 (laser and exposure settings were different between the two experiments), but also due to the FliN-174 We repeated the above experiment, but introduced strong attractant (2mM MeAsp + 0.5 mM L-178 serine) after time t a to induce CCW rotation. The results are shown in Figure 3B , together with the 179 fits from Figure 3A for comparison. Following the switch, the rate of decay is reduced, indicating the 180 addition of both FliM-YFP and FliN-YFP INT subunits. We interpret the result in terms of the model 181 illustrated in Fig. 2B . When the switch occurs, the weakly bound subunits in the motor become 182 tightly bound, and vacant sites begin to fill up with new, weakly bound subunits. A new steady-state 183 is reached when ~half of these sites are occupied. A formal description is provided by solving eq1-5 184
) and the approximation 185
) ) (eq10) 187 Figure 3B . This is the decay that should be subtracted from CCW decay in order to 200 isolate the fluorescence of the new subunits. 201
The fluorescent signal attributed to the new subunits is presented in Fig. 3C . The increase in motor 202 intensity following the addition of strong attractant is evident. We fit the data with eq12. ) and the steady-state number of weakly bound subunits (20±2). We note that the off-rate agrees 205 with the value obtained in FRAP experiments 12 , and that the pseudo on-rate is similar to the off-rate, 206 as concluded before. The steady-state number is larger than previously calculated (~10 subunits 10 ) 207 and is consistent with the change in stoichiometry expected when a motor transitions from high CW 208 bias (~40 subunits) to low CW bias (~58 subunits) (values calculated from the data in Fig. 2A) . 209
However, in the experiment, motors transitioned to an exclusively CCW state, which should contain 210 ~44 subunits. Remodelling appears to be enhanced in this transition. We note that the data may 211 represent a convolution of processes -something for which our fitting does not account. 212
For the FliN-YFP INT data, a free parameter fit could not be achieved with confidence. Given the longer 213 timescale associated with FliN-YFP INT kinetics, a longer recording time might be required to obtain a 214 dataset that can be fitted. We conducted a parameter space search (Fig. 3C, inset) . For values of the 215 off-rate close to the value determined in the FRAP experiment, acceptable fits to the data are 216 achieved with a pseudo on-rate in the range 0-0.004 s -1 and steady-state values of the number of 217 weakly bound tetramers greater than 26. The particular fit shown in Fig. 3C is with pseudo on-rate, 218
off-rate and steady-state values of 0.004 s -1 , 0.007 s -1 and 27 tetramers, respectively. As with FliM-219 YFP, the pseudo on-rate and off-rate are the same order of magnitude., and the steady-state 220 number of weakly bound tetramers is more consistent with the change in stoichiometry expected 221 when the motor transitions from CW rotation (~34 tetramers) to low CW bias (~60 tetramers), 222 rather than to CCW rotation (~44 tetramers). 223
Motor adaptation has been investigated in WT motors 10 : using a bead assay, motors with high CW 224 bias were selected and bias was monitored following the addition of weak attractant (1 mM MeAsp). 225
The CW bias dropped to a lower value and then partially recovered (Fig. 3D, grey . In light of this, it may be worth re-visiting the statement that FliG does 247 not undergo exchange 13, 14 . Labelling the protein with fluorescent amino acids might circumvent such 248
problems. 249
The defining parameters of our model for motor remodelling are listed in Table 2 . Values for subunit 250 pseudo on-rate and total number of binding sites in the CW state are missing; these can be 251 determined by conducting the experiments of Figure 3A , where the inner and outer locations correspond to 261 tightly and weakly binding sites, respectively. With 26-34 FliG subunits per motor 22, 23 , this scheme 262 could account for the excess of binding sites. 263
These arguments apply to CW and CCW motors. In Fig. 2A , we note that the brightest motors are 264 found in the range 0 < CW bias < 1, i.e. for motors that switch. Based on the relative intensity, the 265 number of subunits in low CW bias motors is ~58. Interestingly, this is similar to the steady state 266 number of subunits calculated from our adaptation experiments (Fig. 3C) , after motors transitioned 267 from the CW or high CW bias state to the CCW state. Remodelling might be enhanced in motors that 268 switch. Our data indicate that the situation might be different for switching motors. Motors that 269 rotate exclusively CCW host ~44 units, but motors transitioning to the CCW state appear to 270 accommodate ~60 units, similar to the number of units in low CW bias motors. Further investigation 271 is required to determine whether the observed relationship between stoichiometry and bias (Fig.  272   2A) is physiologically accurate or a consequence of the fusion. The exact relationship will provide 273 information about the dynamic range of motor operation and also the precision of motor 274 adaptation. In our data, brightness reduces with increasing CW bias, but the resolution is not 275 sufficient to draw conclusions about whether the relationship is non-linear, as predicted by a recent 276 model describing precise motor adaptation In FliN stoichiometry experiments, the 'CCW (0 µM CheY-P)' dataset was collected with the CCW 294 motor strain above. The 'CCW (<2 µM CheY-P)' dataset was collected from the CW motor strain 295 above with 0 µM IPTG --[CheY-P] is greater than zero due to background expression from the 296 plasmid, but less than 2 µM based on the CW bias vs [CheY-P] washed twice in 0.3 mL of motility medium and resuspended in 0.2 mL motility medium. Antibodies 314 were purified from antiserum using Protein A sepharose CL-4B beads (Amersham Biosciences) and a 315
Bio Rad #731-1550 10 mL chromatographic column. Dialysis was carried out with #66810 10000 316 MWCO Slide-A-Lyzer dialysis cassettes (Pierce Biotechnology). Purified antibody was preadsorbed 317 using hookless strain HCB137. 318
Cell suspension was flowed into a custom tunnel slide for FRAP and stoichiometry experiments, and 319 a custom flow slide for adaptation experiments. The suspension was left for 15 min to allow cell 320 tethering and then the chamber was rinsed with motility medium. For adaptation experiments with 321 the bead assay, 0.01% poly-L-lysine solution (Sigma) was flowed into a custom flow slide and left for 322 1 min to allow coating of the coverslip, followed by rinsing. Cell suspension was flowed in and left for 323 15 min, followed by rinsing. A 1.0-m polystyrene bead suspension (Polysciences) was flowed in and 324 left for 10 min to allow attachment to sheared flagella, followed by rinsing. In adaptation 325 experiments, the chamber was kept under constant flow (60 L min -1 for tethered assays or 400 L 326 min -1 for bead assays) by syringe pump (Harvard apparatus), with either motility medium or 327 attractant medium. to be placed at a conjugate objective BFP instead of at the objective BFP. The result is unobstructed 362 fluorescence microscopy. Light for external phase contrast microscopy was provided by the 100-W 363
Ti-U halogen lamp system. After diffuser filtering, an HQ740/80 bandpass filter allowed passage of 364 infra-red light, which passed all mentioned filters and dichroics and was imaged on a Thorlabs 365 was ~105 nm/pixel and at least 120 Hz. Acquisition was with custom LabView software. 
